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ABSTRACT 
 
Modification of Polymer Flocculants for the Removal of Soluble Contaminants from 
Water. (December 2010) 
Timothy Steven O’Gara Goebel, B.S.; B.S., Texas Tech University; 
M.S., Texas Tech University 
Chair of Advisory Committee: Dr. Kevin McInnes 
 
 Contaminants in aqueous environments exist in phases that are sorbed to 
suspended or colloidal material and that are dissolved in solution.  Polymer flocculants 
can be used to remove suspended or colloidal material along with sorbed contaminants, 
but they remove little of the dissolved contaminants.  In the study presented here, 
development of polymers to sorb contaminants from aqueous solution during the 
flocculation process was investigated.   
Atrazine and phosphate (H2PO4-) were chosen as test contaminants.   For a given 
test contaminant, multiple copies of a functional group that interacted with that 
contaminant were inserted into the polymer backbone of a polyacrylamide flocculant. 
The functional groups inserted into the polymer structure acted as a trap for the 
dissolved contaminant.  The traps were a cyclic secondary amine that interacted with 
atrazine, and a thiourea that interacted with phosphate.   
Modified flocculants with different configurations and densities of trapping 
groups were made and evaluated for removal of the test contaminants from aqueous 
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suspensions.  The suspensions consisted of bentonite or kaolinite in water with a known 
concentration of a test contaminant.  The atrazine source was labeled with 14C and 
concentrations were measured using a scintillation counter.  The source of phosphate 
used was NaH2PO4 and ion chromatography was used to measure the aqueous 
concentrations of phosphate. 
In general, the modified polymer flocculants containing trapping groups removed 
significantly more atrazine and phosphate from suspension compared to the control 
polymer flocculants (α =0.05).  While the amount of modified polymers needed to 
achieve significant removal of the test contaminant were higher than the Environmental 
Protection Agency limit for concentration of polyacrylamide flocculants in water, it was 
possible to enhance the polymers sorbtion and removal of contaminants from solution 
during the flocculation process. 
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CHAPTER I 
INTRODUCTION AND 
LITERATURE REVIEW 
 
Contaminants in water containing colloidal or suspended solids (hereafter 
referred to as suspended solids) can exist in sorbed or soluble phases.  One method to 
remove sorbed contaminants from water is through flocculation followed by settling or 
filtration of the flocculated solids (1-4).  Flocculation organizes smaller suspended solids 
into larger aggregates called flocs.  Flocs settle quicker and are easier to filter than the 
unflocculated solids (1).  Synthetic polymers are commonly used as flocculating agents 
(polymer flocculants) in water treatment facilities (3).  Polymer flocculants currently 
used are effective at removing contaminants sorbed to suspended material, but not in 
removing soluble contaminants (1).  By changing the affinity of the flocs for a soluble 
contaminant through modification of the flocculant, it may be possible to remove a 
portion of the soluble contaminants along with the contaminants sorbed to the suspended 
solids (Figure 1).  Since polymer flocculants are widely used in water treatment, it 
should prove useful to remove additional amounts of an aqueous contaminant with a  
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Figure 1. Conceptual model depicting the relative location of contaminants in 
solution prior to the addition of a polymer flocculant (a), after application of a 
polymer flocculant (b), and after the application of a polymer flocculant modified 
to sorb contaminants from solution (c).  
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modified polymer flocculant.  In a municipal or industrial wastewater treatment setting, 
polymers modified to help remove soluble contaminants could reduce the cost treatment.  
In an agricultural setting, the use of modified flocculants could reduce the soluble 
contaminant load in runoff water from agricultural fields prior to its release into streams, 
rivers and lakes.  
For a modified polymer to maintain its effectiveness as a flocculant, it must 
retain certain physical and chemical characteristics such as water solubility and net 
charge.  Commercially available polymer flocculants are typically linear chains 
consisting of one or several monomer subunits (Figure 2), and generally categorized by 
their net charge, charge density, and molecular weight.  Charge density is generally 
indicated by mole percent of charged groups.  Polymer flocculants are quite large with 
molecular weights of <105, 105 to 106, and >107 g/mol considered to be low, medium 
and high molecular weight, respectively (5).  When dissolved in water, polymer 
flocculants typically adopt random coil configurations (6). For high-molecular-weight 
polymers, the end-to-end length if stretched out would be roughly 10 µm.  The diameter 
of the random coil is dependent on the charge density of the polymer, but generally is 
about 60 nm (6).  
There are several stages in the removal of suspended solids using polymer 
flocculants (Figure 3): addition of the polymer flocculant to the suspension, mixing, 
adsorption of the polymer to the suspended solids, rearrangement of adsorbed chains on 
the solids, and flocculation (5).  Polymer flocculants generally are added to suspensions 
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Figure 2. Chemical structures of some common polymer flocculants. 
A) Cationic Polyacrylamide; B) Anionic Polyacrylamide;                          
C) Epichlorohydrin/ Dimethylamine; D) Polydiallyl Dimethyl Ammonium 
Chloride; E) Poly-(1-4)-2-Amino-2-deoxy-β-D-Glucan. 
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Figure 3. Stages of flocculation. A. Mixing; B. Adsorption; C. 
Rearrangement; D. Flocculation. 
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as concentrated solutions.  Solutions with high polymer concentrations are viscous and 
would not readily disperse without mixing.  During mixing the polymers begin to sorb to 
the surface of the suspended solids.  Adsorption of the polymer to the solids is a second-
order reaction, the rate being proportional to the concentrations of the solids in solution 
and the polymer (7).   
When low molecular weight polymers are used, the rate of adsorption of the 
polymer flocculant to the suspended solid is controlled by diffusion of the polymer to the 
solid surface (5).  Since diffusion controls the rate of interaction between small 
molecular weight polymers and suspended solids, physical mixing of the solution 
containing the polymer flocculant and suspended solids has less effect on the adsorption 
of small molecular weight polymers.  If high molecular weight polymers are used, 
diffusion plays a minor role and physical mixing of the solution containing the polymer 
and suspended solids is necessary to efficiently develop flocs (5).  When high molecular 
weight polymers are used, the rate of adsorption of the polymer to the surface of the 
suspended solid is controlled by how vigorous the polymer and suspension are mixed.   
Once the polymer has at least one point of its coil anchored to a particle, a portion of the 
remaining chain sorbs to the surface forming features referred to as loops, tails, and 
trains (Figure 4) (6).  The formation of the loops, tails, and trains takes several seconds.  
During that time, bridging between particles begins.  Loops and tails extending away 
from the surfaces are sites available to continue to interact with solids in suspension.  
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Sorption of loops and tails to other particles causes bridging (5).  As bridging becomes 
more extensive large aggregations called flocs are formed.  The flocs then separate from 
suspension and can be removed by settling or filtration. The entire flocculation process 
can be completed in minutes (7).  
For a modified polymer to be efficient at removing soluble contaminants it 
should interact with the soluble contaminants prior to the settling of the flocs.  During 
the formation of flocs, both the contaminants and the modified polymer would be in 
close proximity and the rate of their interaction would be the highest. Once the flocs 
have settled, contaminants left in solution would have to reach the settled flocs to 
interact with the modified polymer.  In time, the concentration of the contaminant in 
solution would decrease as the contaminant continues to sorb to the settled modified 
polymer.  
Successful development of a polymer flocculant that would interact with a 
contaminant in solution would require modification of the polymer with the addition of 
multiple copies of a small molecule (hereafter referred to as a trapping group) to the 
polymer chain.  The trapping group could be added to a polymer flocculant by several 
methods.  One method to develop a modified polymer would be to add the trapping 
group to either the ends or along the chain of an existing polymer flocculant.  Another 
method of adding the trapping group would be to co-polymerize a monomer containing 
the trapping group along with the monomers of the polymer flocculant. Either method 
would require the selection of an effective trapping group. When choosing a trapping 
group, the effect of that trapping group on the properties of the polymer must be 
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Figure 4. Illustration of polymer interacting with the surface of a particle in 
trains attached to the surface, and loops and tails extending away from the        
surface. 
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considered.  For the polymer to remain an effective flocculant, the addition of the 
trapping group must not drastically change the water solubility or net charge of the 
polymer. 
Cationic polyacrylamides are copolymers consisting of two monomer units: 
acrylamide and acryloxyethyltrimethyl-ammonium chloride (Figure 5). The charge 
density of cationic polyacrylamides can be adjusted by changing the amount of 
acryloxyethyltrimethyl-ammonium chloride added to the polymerization accompanied 
by adjustment of an equimolar amount of the acrylamide. Since it is possible to remove 
some portion of acrylamide and replace it with acryloxyethyltrimethyl-ammonium 
chloride then it might also be possible to replace the acrlyamide with an equimolar 
amount of the trapping group (Figure 5). The addition of the trapping group in this 
manner would maintain the charge density of the of the polymer flocculant while adding 
the function of the trapping group to the polymer. 
The goal of the study reported in this dissertation was to design and build 
polymer flocculants that would sorb contaminants from the soluble phase.  There were 
numerous aqueous contaminants that could have been used as test compounds, and for 
each of the contaminants there likely would have been several functional groups that 
would serve as a trapping group.  Two chemicals that have been widely recognized as 
contaminants of surface waters are atrazine and phosphate.  Atrazine is a pesticide used 
to control broadleaf weeds in grass crops such as corn and sorghum, and has been found 
in surface and ground water (8-11).  Phosphorus is an essential plant nutrient that is  
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Figure 5. A) Example of a cationic polyacrylamide. B) 
General example of modification of a cationic 
polyacrylamide. 
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applied as a fertilizer and is frequently found in surface water (12-16).  Both atrazine and 
phosphorus partition between soluble and sorbed phases.  The two test contaminants  
offered the opportunity to evaluate the possibility of creating a polymer flocculant that 
served the removal of both aqueous and sorbed contaminants from water.  Two 
functional groups known to interact with the two contaminants were chosen. The two 
functional groups utilize different bonding mechanisms to interact with the respective 
contaminant.  The different bonding mechanisms likely affect the kinetics, reversibility, 
and selectivity of the reaction of the trapping group with the contaminant as well as the 
suspended solids.  Kinetics, reversibility, and selectivity of the reactions would be 
important factors governing whether the modified polymer would function as desired. 
A water insoluble polymer containing the cyclic secondary amine, piperizine, 
removed >98% of atrazine from solution (17). Since the polymer was not water soluble 
it would not function as a polymer flocculant, however the study presented the 
possibility of using a similar cyclic secondary amine molecule to develop a modified 
polymer flocculant.  
 Thiourea incorporated into a water insoluble polymer selectively removed 
phosphate from solution (18).  While the insoluble polymer would not function as a 
polymer flocculant, the results from the study suggest it might be possible to use 
thiourea to modify a polymer flocculant to selectively trap and remove phosphate from 
solution.  
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CHAPTER II 
MODIFICATION OF POLYMER FLOCCULANTS FOR THE REMOVAL OF 
SOLUBLE CONTAMINANTS FROM WATER USING ATRAZINE AS THE TEST 
CONTAMINANT 
Introduction 
Atrazine is an herbicide used to control broadleaf weeds in grass crops such as 
corn and sorghum, and it has been found as a contaminant of surface and ground water 
(8-10). Recently, a polymer containing a cyclic secondary amine was demonstrated to 
interact with atrazine (17).  The addition of the cyclic secondary amine to the backbone 
of a polymer flocculant might create a flocculant that would sorb atrazine from solution.  
To create a modified flocculant containing the cyclic secondary amine and to 
have that flocculant be useful in a practical setting, several potential obstacles were 
considered.  The modification must result in a water-soluble polymer.  Since the cyclic 
secondary amine group was reasonably water-soluble the resulting polymer should be 
water-soluble.  Another possible problem was that the polymer flocculant might bind to 
the suspended solids with a high enough affinity that the cyclic secondary amine groups 
would be restricted from interacting with the contaminants in solution.  Polymer 
flocculants sorbed to suspended solids form loops and tails that extend into solution and 
interact with other suspended solids to form flocs.  The portion of polymer that extends 
into solution between two or more particles forms a bridge.  The cyclic secondary amine 
group present in a bridge would extend through bulk solution and interact with the 
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contaminant.  Should a majority of the polymer be sorbed on the surface of the 
suspended solids and not exist in the bridges, a high density of the cyclic secondary 
amine on the polymer might be required to result in a quantity of the cyclic secondary 
amine on the bridges large enough to result in significant removal of atrazine from 
solution.  A high density of the cyclic secondary amine on the polymer would increase 
the amount present on the bridge and would increase the sorption efficiency of the 
polymer. 
 
Materials and Methods 
Synthesis 
A modified polyacrylamide flocculant was synthesized following the scheme 
presented in Figure 6.  The first step of the synthesis was to make the cyclic secondary 
amine trapping group into a monomer form that would polymerize along with the 
acrylamide and acryloxyethyltrimethyl-ammonium chloride.  In the final step, 
polymerization produced a polymer consisting of three monomer units dominated by 
acrylamide and trimethyl ammonium monomers.  In addition, a nonionic polymer was 
made without the addition of the trimethyl ammonium monomer. The modified 
polymers were made and characterized by NMR (Appendix A).   
Synthesis of 4-aminomethyl-piperidine-1-carboxylic acid tert-butyl ester 
Two g of 4-aminomethyl piperizine (4-AMP), and 1.8 g of triethylamine were dissolved 
in 35 mL of dichloromethane (DCM) and placed in an ice bath until the temperature was 
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0  C.  To the stirring solution, ethyl trifluoro acetate (2.612g in 10 mL of DCM) was 
added drop wise.  The solution was stirred for 30 min at 0  C, then it was left to come to 
room temperature and react for 1 h.  tert-butyl carbamate (Boc) (4.014 g) in 10 mL DCM 
was then added drop wise and the resulting solution was stirred for 5 h.  The solvent was 
removed in vacuo and the resulting yellow oil was dissolved in 250 mL ethanol (EtOH).  
NaOH (26.016 g in 215 mL H2O) was then added to the solution.  The reaction was 
stirred for 6 h. The EtOH was removed in vacuo and the water was extracted three times 
with 30 mL of DCM.  The water was removed from DCM with MgSO4 and the solvent 
was removed in vacuo resulting in  colorless oil. (13.48 g, 71.8% yield). 
Synthesis of 4-(acryloylamino-methyl)-piperidine-a-carboxylic acid tert-butyl ester 
 Triethyl amine (3.153 g) was added to an ice-cooled solution of 4-aminomethyl-
piperidine-1-carboxylic acid tert-butyl ester (5 g) in 200 mL of tetrahydrofuran (THF) 
and stirred for 30 min. 1-chloroacetate (3.152 g in 100 mL THF) was added drop wise to 
the stirring solution.  Upon completion of the dropwise addition, the mixture was 
allowed to come to room temperature and react for 5 h.  A precipitate that formed was 
removed by filtration and the THF was removed in vacuo.  The resulting oil was 
dissolved in DCM and was washed 3 times with NaHCO3, dried with MgSO4, and the 
DCM was removed in vacuo.  The reaction produced a pale yellow oil which was 
considered pure by NMR and used in the next step (5.28 g, 84.4% yield). 
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Figure 6. Scheme for the synthesis of a modified cationic 
polyacrylamide. 
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Synthesis of a cationic polymer flocculant  
 A cationic acrylamide copolymer was prepared by gel polymerization similar to 
U.S. patent 5,945,494.  To prepare the monomers for polymerization, 8.997 g of 
acrylamide, 16.365 g of 80% acryloxyethyltrimethyl-ammonium chloride, 0.226 g of 4-
(acryloylamino-methyl)-piperidine-a-carboxylic acid tert-butyl ester, 0.002 g of 10% 
diethylenetriamine-pentaacetate (pentasodium salt), 1.5 g adiptic acid, 0.11 mL of 20% 
sulfuric acid, 0.003 g of 1% sodium hypophosphite (100 mg/L on monomer), 0.003 g of 
methylene bisacrylamide were dissolved in 41.233 g deionized water.  The solution was 
sparged with nitrogen gas for 30 min.  During sparging, the solution temperature was 
adjusted to 6  C.  After sparging, 1 mL of 2% 2,2-azobis(2-methyl-2-amidinopropane) 
dihydrochloride, 80 µL of 0.25% ammonium persulfate and 80 µL of 0.25% ferrous 
ammonium sulfate hexahydrate polymerization activators were added.  When the 
monomer mixture thickened, the nitrogen sparge tube was raised to the top of the 
polymerization vessel.  The polymerization reaction was exothermic and reached a 
maximum temperature of 30.5  C at which time it was placed in an oven set at 70  C for 
8 h.  The resulting gel was reduced to coarse powder by grinding in a mortar and pestle  
to a diameter passing a 1.2-mm sieve. The nonionic polymers were made following the 
same procedure without the addition of the trimethyl ammonium monomer, substituting 
an equimolar amount of acrylamide to compensate for the missing trimethyl ammonium 
monomer. 
The nomenclature used to describe the polymers that were prepared is as follows: 
“C” represents cationic polymer, “N” represents nonionic polymer, the number 
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following represents the mole percentage of positive charge on the polymer, and the 
number following the second hyphen represents the mole percentage of the trapping 
group (Table 1).  For example, C-40-0.4 represents a cationic polymer with 40 mole 
percent of positive charge and 0.4 mole percent of the trapping group.  Magnifloc 495C 
(10% positive charge)and Magnifloc 700N (0% positive charge) were also used as 
control polymers for polymer flocculants currently commercially available from Cytex. 
 
 
 
 
 
Table 1. Mole percent of monomers for individual polymers. 
 
 
 
 
 
 
 
 
Monomer C-40-00 C-40-0.4 C-40-04 N-00-00 N-00-0.4 N-00-04 
acrylamide 59.99 59.73 57.66 99.99 99.60 96.14 
Trimethyl 
ammonium 
chloride 
39.99 39.87 38.48    
piperazine   
acrylate  
 
0.40 
 
3.86 
  
0.40 
 
3.86 
diethylene 
triamine <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
methylene 
bisacrylamide <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
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Polymer Sorption 
Once the modified polymer flocculants were prepared, a set of experiments was 
conducted to test the sorption of atrazine to the polymer.  To test the modified polymers 
removal of sorbed and soluble atrazine, a clay-water suspension containing 14C-labeled 
atrazine at a concentration of 2 mg/L was created.  The 2 mg/L concentration of atrazine 
was higher than that found in most environmental conditions, but similar to that reported 
in the study by Acosta et al (17).  
The suspension contained 20 mg of Gonzalez bentonite in 4 mL of water and was  
allowed to swell overnight to minimize atrazine sorption.  To the suspended solids 
containing the 14C-labeled atrazine, 4.5 mg of the polymers in 1 mL of water was added 
and the suspension was shaken for 24 h.  The suspensions were centrifuged using a 
Fisher Scientific model 225 centrifuge with an R8 head at a speed setting of 6 for 20 min 
and two aliquots of the supernatant from each replicate were tested for atrazine using a 
scintillation counter.  The experiments were run in triplicate. A decrease in the aqueous 
phase atrazine concentration from the control containing only atrazine was assumed to 
be caused by sorption to bentonite and sorption to the polymer.  To determine the 
amount of atrazine removed by the polymers, a control using only bentonite in water 
with atrazine was used to obtain an average amount of atrazine removed by bentonite.  
The amount of atrazine removed by bentonite was subtracted from the total amount of 
atrazine removed from solution to estimate the amount of atrazine removed by the 
polymer flocculants. 
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A test of the modified polymers under concentrations more likely found under 
field-conditions was conducted (10).  The procedure above was followed but amended 
by lowering the atrazine concentration to 20 µg/L.  Since the concentration of atrazine 
had little effect on the removal of atrazine from solution, the interaction time needed for 
removal of atrazine from solution was tested. The procedure above was followed except 
for the amount of time that the polymer was allowed to interact with the suspension. The 
amount of time that the polymer-clay suspension was shaken was: 1, 4, 12, or 24h.  A 
final experiment was conducted to test the effect that decreasing the concentration of 
polymer had on the amount of atrazine removed from the aqueous phase.  The polymer 
concentrations included were 1000, 500, 100, 50 and 10 mg/L. All the results were 
processed using R Stats software to determine confidence intervals at 95%. 
 
Results and Discussion 
The addition of the cyclic secondary amine to the polymer resulted in an increase 
in atrazine removed from suspension when the polymer was used to remove suspended 
solids (Figure 7).  Increasing the density of the cyclic secondary amine from 0.4 to 4.0% 
on the polymer enhanced atrazine removal from suspension by the polymer (Figure 7).  
The results from the addition of unmodified control cationic polymer flocculants suggest  
 20 
 
 
 
 
 
Figure 7. Amount of atrazine removed from suspension with two initial 
concentrations of atrazine of 2mg/L (A) and 20µg/L (B). 
A 
B 
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that the quaternary ammonium group on the polymer had some affinity for atrazine 
compared to the control nonionic polymer flocculants.  The removal of atrazine from the  
aqueous phase by the polymers was reduced when the atrazine concentration was 
reduced from 2 mg/L to 20 µg/L likely due to dilution (Figure 7).  
To determine the effect of time on the sorption of atrazine by the polymers the 
experimental conditions were maintained except the experiments were terminated at 1, 4, 
12 and 24 h. The modified polymers removed significantly more atrazine from the 
aqueous phase compared to the control polymers when the amount of time was adjusted 
from 1h to 24 h (Figure 8).  At 1 h the amount of atrazine in solution decreased with the 
addition of both unmodified control polymers, Magnifloc 494C and Magnifloc 700N 
(Figure 8).  At 4 h the amount of atrazine in solution increased compared to the results at 
1 h for the unmodified control polymers. The decrease in sorption of atrazine to the 
polymer with time suggests that the interaction of atrazine with the unmodified polymers 
can be affected by other variables present in the experiment. Atrazine is relatively 
hydrophobic with a solubility of 33mg/L and would partition into environments less 
polar than water such as the unmodified polymer. The results indicate that atrazine can 
repartition back into solution with time.  The repartitioning of atrazine back into the 
aqueous phase was possibly due to continued rearrangement of the polymer on the 
surface of the solids.  The continued rearrangement might occur as the polymer finds a 
conformation that is at it’s lowest energy. The rearrangement of the polymer on the solid 
surface might increase the amount of the trimethyl ammonium groups interacting with 
the solid surface, decreasing the amount those groups left to interact with atrazine.  
 22 
 
 
 
 
Figure 8.  Atrazine removed from suspension by cationic (A) and nonionic (B) 
polymers over a 24-hour period.  
A 
B 
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The modified cationic polymer C40-04 retained its interaction with atrazine over 
the 24-h period suggesting an irreversible interaction of the modified polymer with 
atrazine.  The interaction of atrazine with the cyclic secondary amine was not affected by 
further rearrangement of the polymer on the surface of the solids present, if it occurred.  
Having examined the effect of atrazine concentration and time, the next variable 
that was changed was the polymer concentration. When the final concentration of the 
polymer flocculant in solution decreased from 1 g/L to 0.5 g/L with a constant amount of 
solid material present, the amount of atrazine removed from solution decreased from 
60% to less than 10% of the initial 2mg/L concentration (Figure 9).  The decline in the 
amount of atrazine removed from suspension indicates that a large amount of the 
polymer (1 mg/L) was needed to remove an appreciable amount of atrazine from 
solution.  The amount of polymer needed to achieve significant removal of atrazine from 
the aqueous phase was 1 g/L, likely due to the low density of the cyclic secondary amine 
on the polymer.  The solubility of the cyclic secondary amine monomer in water was 
low and polymerization with the other monomers was not possible at higher densities of 
the cyclic secondary amine.   
The observations made in the study presented here suggest that it is possible to 
modify polymer flocculants to increase sorption of the test contaminant atrazine from 
aqueous phase and remove the sorbed atrazine from solution through flocculation.  With 
a starting concentration of 2 mg/L of atrazine, the addition of modified cationic polymer 
C 40-04 to suspension decreased the atrazine concentration in solution by approximately  
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Figure 9. Effect of decreasing polymer concentration on atrazine removed from   
suspension. 
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45% compared to the commercially available Magnifloc 495C.  The addition of C 40-04 
decreased the atrazine concentration in solution by 30% compared to the unmodified 
cationic polymer C 40-00 (Figure 7).  The data also revealed that increasing the density 
of the cyclic secondary amine on the polymer from 0.4 to 4.0% increased the amount of 
removed from solution in both the cationic as well as the nonionic polymers.  
Generally, the additional amount of atrazine removed from solution by the 
addition of cationic modified polymer flocculants compared to the nonionic modified 
polymer flocculants represented the amount of atrazine removed by the positively 
charged quaternary ammonium ion as suggested by the results from the control polymer 
C40-00 (Figure 7).  The similarity in the amount of atrazine removed from the aqueous 
phase by the addition of modified cationic and nonionic polymers indicates that the 
polymer backbone does not affect the interaction of the cyclic secondary amine with 
atrazine.  
Even in more dilute concentrations of atrazine (20 µg/L) the modified polymers 
were effective at reducing the amount of atrazine in solution when the polymers were 
added at 1 g/L.  Observations from the experiments conducted indicate that it is possible 
to use flocculation as a technique that can reduce contaminant concentrations in aqueous 
solutions.  While polyacrylamides were chosen as the backbone for the modified 
polymers, due to concerns about contamination of the environment with acrylamides, 
other polymer flocculants such as: polydiallyl dimethyl ammonium chloride 
(polyDADMAC), epichlorohydrin/ dimethylamine (ECH/DMA), or chitosan could be 
utilized as the polymer backbone. 
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CHAPTER III 
MODIFICATION OF POLYMER FLOCCULANTS FOR THE REMOVAL OF 
SOLUBLE CONTAMINANTS FROM WATER USING PHOSPHATE AS A TEST 
CONTAMINANT 
Introduction
Phosphorus is an essential plant nutrient that is commonly applied as a fertilizer 
and is frequently found in surface water (12-16). It was recently demonstrated that a 
polymer containing thiourea groups sorbed phosphate from aqueous solution (18).  The 
polymer was not water soluble, but was packed in a column and contaminated water was 
forced through the packed column.  The thiourea groups were suggested to have a 4-
point interaction with phosphate and the interaction maintained 75% selectivity for 
phosphate in the presence of equimolar concentrations of competing anions (18). While 
it is not possible to make a molecularly imprinted polymer flocculant, single thiourea 
molecules that interact with organophosphates in 2-point and 3-point hydrogen bonding  
systems have been developed (19-21). Thiourea is a small functional group that could be 
prepared as a monomer to polymerize with other monomers present in polymer 
flocculants. A polymer flocculant modified to contain thiourea should sorb or trap 
phosphate selectively to the polymer. 
The thiourea molecules used for the preparation of the modified polymer 
flocculants were not water-soluble so their addition to the polymer at high densities 
resulted in polymers that were water insoluble.  At lower densities of thiourea on the 
polymer the net polarity of the polymer was sufficient for water solubility. Another 
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possible problem was that the polymer flocculant might bind to the suspended solids so 
tightly that the thiourea would not be available to interact with the contaminants in bulk 
solution.  Flocs are formed by polymer flocculants through sorption of the polymer to 
suspended particles (7).  Some of the sorbed polymer forms loops and tails that extend 
into solution to form a bridge with other suspended particles to form flocs (3).  Inserting 
the thiourea group into the polymer at 4% would likely lead to similar results as the 
cyclic secondary amine with atrazine. In this study, the thiourea group would be added at 
densities as high as solubility would allow. 
 
Materials and Methods 
Synthesis of Thiourea Based Polymers 
To a stirring solution of 40 ml acetonitrile was added: 4.0 g (0.0206 mol) of 2-pt 
thiourea, 2.982 g (0.0412 mol) acrylamide, and 8.458 g (0.0412 mol) 
acryloxyethyltrimethyl-ammonium chloride. The solution was then sparged with 
nitrogen for 1 h, while the temperature was raised from room temperature to 30 °C.  To a 
stirring solution, 0.169 g (1.03 X 10-3 mol) azobisisobutyronitrile (AIBN) was added to 
initiate polymerization.  The reaction temperature peaked at 38 °C.  The reaction was 
then heated to 50 °C and allowed to react for 16 h.  The reaction produced a slightly 
yellow solid that was ground in a mortar and pestle to a 1.2-mm diameter powder and 
analyzed by NMR (Appendix B).  Other polymers with different densities and a different 
thiourea molecule were made using the same methods changing the mole percentage of 
monomers. 
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The nomenclature used to describe the polymers is as follows: “C” represents 
cationic polymer, the number following represents the mole percent of positive charge 
on the polymer, and the number following the second hyphen represents the mole 
percent of the thiourea group with 2pt or 3pt indicating which thiourea was used (table 
2).  For example, C-40-20 (2pt) represents a cationic polymer with 40% positive charge 
density and 20% density of the 2-point thiourea and 40% density of acrylamide. 
Magnifloc 494C and Magnifloc 700N were also used as control polymers for polymer 
flocculants currently commercially available. 
 
 
Table 2. Mole percent of monomers for individual modified polymers. 
 
 
 
Polymer Sorption Tests 
 Once the modified polymers were prepared, experiments were conducted to test 
the sorption of phosphate to the polymer and the selectivity of the sorption in the 
presence of other anions. To create an aqueous suspension, bentonite or kaolinite were 
Monomer C-40-00 C-40-20 (2pt) C-40-40 (2pt) C-40-20 (3pt) 
acrylamide 60 40 20 40 
Trimethyl 
ammonium 
chloride 
40 40 40 40 
Thiourea 
(2pt) N/A 20 40 N/A 
Thiourea  
(3pt) N/A N/A N/A 20 
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weighed and added to a known volume of water. Phosphate was then added from an 
intermediate standard to create an aqueous suspension with a known phosphate 
concentration.  
 Controls containing phosphate and clay were tested to check the level of sorption 
of phosphate to the clay used.  Several different polymers were tested for an interaction 
with phosphate.  Magnifloc 700N was tested as a control having 100% acrylamide with 
no positive charge density.  Magnifloc 494C was tested as a control with 10% positive 
charge density and 90% acrylamide.  The polymer C40-00 was made according to U.S. 
patent 5,945,494 as a control with 40% positive charge density and 60% acrylamide, 
C40-20(2pt) was made with 40% positive charge density, 20% 2 point thiourea (Figure 
10A), and 40% acrylamide. C40-40(2pt) was made with 40% positive charge density, 
40% 2 point thiourea (Figure 10A), and 20% acrylamide.  C40-20(3pt) was made with 
40% positive charge density, 20% three point thiourea (Figure 10B), and 40% 
acrylamide.  
 To determine the polymers sorption of phosphate from solution several variables 
had to be examined, including: the concentration of polymer, the concentration of 
phosphate and the amount of time required to achieve an appreciable removal of 
phosphate from water.  Once the effects of the variables were understood, a study was 
conducted to test ability if the polymers to maintain the amount of phosphate removed in 
the presence of other anions. 
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Figure 10. Structures of thiourea monomers used as trapping groups. 
One having a suggested 2-point hydrogen bonding interaction (A) and 
the other having a 3-point interaction (B). 
 31 
 Two main studies were conducted to test the modified polymer flocculants.  The 
goal of the first study (Study 1-1 to Study 1-3) was to use equimolar concentrations of 
NaH2PO4, NaF, NaCl, NaBr, NaNO2 and NaNO3 to test the selectivity of the thiourea 
molecule on the polymer for phosphate sorption. The goal of the second study (Study 2-
1 to Study 2-3) was to use anion concentrations similar to wastewater to test the 
selectivity of the thiourea molecule for phosphate sorption.  To conduct the two studies, 
several experimental conditions had to be determined.  Variables in the experiment 
included the amount of polymer added, the amount of phosphate to be added, the amount 
of time the polymers were left to interact with phosphate in suspension, the amount of 
suspended solid material used, the type of suspended solid material used, and whether 
samples would be taken for analysis after the resulting flocs had settled or after shaking 
the suspension for a set amount of time.  Table 3 lists the experiments conducted for 
each study. 
 Study 1.1 consisted of a 25 mg/L polymer concentration and several different 
phosphate concentrations to determine at what phosphate concentration range the 
polymers would remove a significant portion of phosphate from solution.  The polymers 
were tested for sorption of phosphate by adding the polymer to a suspension containing a 
known amount of phosphate and clay.  Clay suspensions were produced by the addition 
of 125 mg of a Gonzalez Bentonite that had no detectable phosphate associated with it to 
a test tube containing 19 mL of ultrapure water. Suspensions were allowed to hydrate 
overnight. To the clay suspension was added 0.5 mL of the phosphate intermediate 
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standard to give final concentrations of 5, 1, 0.5 and 0.25 mg/L phosphate.  The test 
tubes were then vortexed for 5 seconds. Following mixing, 0.5 mL of the polymer 
intermediate standard was added to give a final concentration of 25 mg/L of the polymer.  
The resulting suspensions were vortexed for 5 seconds and allowed to settle for 20 min.  
A 5mL aliquot was then taken from the supernatant and the solids were separated using a 
Fisher Scientific model 225 centrifuge at 305 g for 10 min.  A 2-mL sample was then 
filtered through a 2 µm filter and analyzed by ion chromatography.  
Polymers were tested for phosphate selectivity in the presence of other anions 
(Study 1.2). The method above was followed, but with the addition of equimolar 
concentrations of NaH2PO4, NaF, NaCl, NaBr, NaNO2 and NaNO3, to give a final 
concentration in the test tube of 8.33 X 10-4 mol/L of each of the anions.  The polymers 
were then added to the suspension of clay and anions, and the procedure described above 
was followed.  
The effect of time was tested on the amount of phosphate removed from 
suspension (Study 1.3).  In a time-course experiment, the procedure for the competition 
study was followed with the exception that the suspensions were allowed to settle for 20 
min, 2 h, 12 h and 24 h before the 5 mL aliquot was taken from the supernatant and 
analyzed. 
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Using the results from Study 1, Study 2 was conducted.  The goal of the 
experiments in Study 2 was to determine the optimal conditions needed for removal of 
phosphate from the aqueous phase with addition of the polymers.  The optimal 
conditions could then be used to determine selectivity of the polymers for phosphate in 
the presence of anions at concentrations similar to wastewater. 
Another study (Study 2.1) was conducted to determine the optimal conditions for 
the removal of phosphate by the polymers.  Based on the observations when atrazine was 
the test contaminant, it had been established that increasing the polymer concentration 
and agitating the resulting polymer-solids mixture would increase the amount of 
contaminant removed from suspension.  Using that information, the concentration of the 
polymers was increased from 25 to 100 mg/L and the resulting polymer-phosphate-
solids mixture was shaken for 12 h.  The phosphate concentrations used were 1 and 5 
mg/L. To ensure that some of the polymer was not left free in solution after flocculation, 
the amount of clay added was increased to 500 mg to compensate for the increase in 
polymer concentration.  
The following experiment (Study 2.2), substituted kaolinite to alter the material 
representing the suspended solids.  The polymer concentrations were held at 100 mg/L. 
Phosphate concentrations of 1 and 5 mg/L were used.  The clay concentrations were 
varied using 500 mg, 250 mg, and 100 mg of kaolinite.  The suspensions were again 
shaken for 12 h centrifuged and analyzed as described above. 
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Based on the results from all of the experiments above, optimal conditions were 
chosen for another experiment (Study 2.3).  The conditions used were: 100 mg/L of the 
polymer, 250 mg kaolinite, 5 mg/L starting concentration of phosphate, and 12 hours of 
continuous shaking in a final volume of 20 mL of water. The result is a baseline for the 
reduction of phosphate concentration in the aqueous phase when phosphate is the only 
anion added. Study 2.3 tested the polymers sorption of aqueous phosphate in the 
presence of other anions at higher concentrations than phosphate.  A recipe for anion 
concentrations in wastewater was used (18). The recipe was modified by changing the 
concentration of phosphate from 100 mg/L to 5 mg/L phosphate.  The concentrations of 
the other anions for the simulated wastewater were as follows: 190 mg/L (NH4)2SO4, 28 
mg/L CaCl2, and 180 mg/L MgSO4. The concentration of the polymers was 100 mg/L 
with 250 mg of kaolinite in 20ml of water. The suspensions were agitated for 12 h. The 
suspensions were then centrifuged and analyzed by ion chromatography. 
The observations made were the change of phosphate concentration in the 
aqueous phase with the addition of the solid material and polymers.  A reduction in 
phosphate concentration in the aqueous phase was assumed to be caused by sorption of 
phosphate to the solid material or to the polymer.  The control containing only the solid 
material and phosphate in water was used to estimate the amount of phosphate sorbed to  
the solid material.  The amount of phosphate sorbed by the solid material was then 
subtracted from the total amount of phosphate removed suspensions containing both 
suspended solids and polymers resulting in the amount of phosphate sorbed to the 
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polymers. All results were processed using R Stats software to determine confidence 
intervals at 95%. 
 
Results and Discussion 
In Study 1.1, all the experimental conditions were maintained except the amount 
of phosphate added was varied from 0.25, 0.5, 1, and 5 mg/L. The amount of phosphate 
removed from suspension increased as the positive charge density of the polymer 
increased.  The addition of the thiourea group at a density of 40% tripled the amount of 
phosphate removed from suspension compared to the control polymer C40-00 (Figure 
11).  Addition of the 2-point and 3-point thiourea at a density of 20%, generally resulted 
in little or no significant reduction in phosphate removed from suspension compared to 
the control polymer C40-00 (Figure 11). At the highest concentration of phosphate tested 
(5 mg/L) the amount of phosphate removed by most of the polymers was approximately 
zero, suggesting saturation of the available polymer.  
In Study 1.2, the phosphate concntration resulting in the highest amount of 
phosphate removed was used (0.5 mg/L) in addition to adding an equimolar amount of 
other anions. The polymers generally maintained their sorption of phosphate when 
several anions at equimolar concentrations to phosphate were added (Figure 12). The  
reduction in phosphate removed by the polymers containing the thiourea groups was 
comparable to the work done by Kugimiya (18).  
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Figure 11. Effect of initial phosphate concentration on polymer sorption of 
phosphate. (A: 0.25mg/L, B: 0.5 mg/L, C: 1 mg/L, and D: 5 mg/L). 
C 
D 
A 
B 
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Figure 12. Effect of multi anion competition using equimolar concentrations of 
NaH2PO4, NaF, NaCl, NaBr, NaNO2 and NaNO3, at 8.33 X 10-4 (0.5 mg/L) on 
the sorption of phosphate to the polymers. 
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In Study 1.3, time was varied from 20 min to 24 h, and the phosphate and other 
anions were maintained at the same concentration. The amount of phosphate removed 
from the aqueous phase generally increased up to 12 h then declined at 24 h (Figure 13). 
The results from Study 1.3 suggested a reversible reaction that required attention to time 
in Study 2. 
In Study 2.1 the polymer concentration was increased from 25 to 100 mg/L, and 
the amount of time the polymer was allowed to interact was increased from 20 min to 12 
h with continuous agitation.  Changing these two experimental conditions resulted in an 
increase in the amount of phosphate removed from suspension by the polymers (Figure 
14).  The phosphate removed from suspension at a 1mg/L starting concentration of 
phosphate increased by more than ten-fold for the polymers Magnifloc 494, C40-00 and 
C40-20(2pt) compared to the same polymers at a polymer concentration of 25 mg/L 
without agitation for 12 h. The polymers C40-40(2pt) and C40-00(3pt) more than 
doubled the amount of phosphate removed from suspension. 
The previous experiments used a Gonzalez bentonite to represent the suspended 
sold material. The Gonzalez bentonite is a smetite with a large density of negative 
charge at its edges. To test the effect of negative charge density of the solid material 
present on the sorption of phosphate to the polymers bentonite was replaced with 
kaolnite while maintaining all other experimental conditions (Study 2-2). The effect of 
adding 500 mg of kaolinite to solutions containing 1 and 5 mg/L phosphate was a 
decrease in phosphate concentration of 80 and 50% respectively. The sorption of  
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Figure 13. Effect of time on phosphate sorption to the polymers. 
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Figure 14. Effect of increased polymer concentration on phosphate sorbed to the 
polymers. Initial phosphate concentrations were 1 mg/L (A) and 5 mg/L (B). 
A 
B 
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phosphate to kaolinite reduced the concentration of phosphate in suspension from 1 
mg/L to approximately 0.120 mg/L. The reduction in phosphate concentration created 
conditions where phosphate was too dilute to accurately measure the effect of the 
polymer treatment. At a 5 mg/L starting phosphate concentration after 12 h, the kaolinite 
reduced the phosphate concentration in suspension to 2.3 mg/L, leaving enough 
phosphate in suspension to accurately determine the effect of polymer treatment. The 
effect of adding kaolinite that substantially decreases the phosphate concentration 
requires that the aqueous phosphate concentration be recalculated to represent the 
portion of phosphate left in suspension (Figure 15). The phosphate left in solution was 
what was left for the polymers to interact with. 
Study 2-2 investigated the effect of decreasing the amount of solid material 
added to solution while maintaining a constant polymer concentration in an attempt to 
increase the amount of the polymer available to interact with the bulk suspension. 
Generally, the amount of phosphate removed by C40-00 remained unchanged with 
decreasing amounts of solid material, suggesting that the amount of positively charged 
trimethyl ammonium available to interact with the phosphate in solution remained 
virtually unchanged (Figure 16). The positively charged trimethyl ammonium group 
interacts strongly with kaolinite at the range of concentrations tested, leaving little 
available to interact with phosphate in bulk solution.  In contrast to C40-00, the addition 
of  C40-40 (2pt), resulted in more phosphate removed from the suspension with  
 43 
 
 
 
 
Figure 15. Phosphate removed from solution by polymers using kaolinite to 
represent the suspended solids (A). Phosphate removed by polymers following 
partitioning of phosphate by kaolinite (B). 
B 
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Figure 16. Phosphate removed from solution by polymers with increasing 
amounts of kaolinite added. (Solution concentration of phosphate: 100 mg 4.0 
mg/L, 250 mg – 3.4 mg/L, 500 mg – 2.3 mg/L). 
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decreasing amounts of kaolinite added.  When 250 mg and 100 mg of kaolinite 
were used, more than twice the amount of phosphate was removed using C40-40 
(2pt) compared to C40-00. The polymer C40-40 (2pt), increased phosphate 
sorption with decreasing kaolinite concentration suggesting that the thiourea has a lower 
affinity for kaolinite than trimethyl ammonium. 
The optimal conditions for phosphate removal from suspension were used in 
Study 2.3. The goal of Study 2.3 was to test selectivity for phosphate sorption by the 
polymers in suspensions containing anions at concentrations typical of wastewater. First 
a baseline sorption test was run for the polymers using 250 mg of kaolinite instead of 
500 mg, a 5 mg/L initial phosphate concentration and 100 mg/L final polymer 
concentration. (Figure 17A).  For the selectivity test, anions were added at the following 
concentrations: 190 mg/L (NH4)2SO4, 28 mg/L CaCl2, 180 mg/L MgSO4, and 5 mg/L 
NaH2PO4. The addition of Magnifloc 494C, decreased the amount of phosphate the 
kaolinite could remove. C40-00, containing only the trimethyl ammonium ion at 40%, 
did not maintain sorption of phosphate in the presence of higher concentrations of other 
anions. The lack of selectivity resulted in an overall amount of phosphate removed 
similar to that of Magnifloc 494C. While the higher charge density on C40-00 results in 
more positively charged groups available to interact with phosphate in bulk solution, the 
available quaternary ammonium group was not selective for phosphate. In conditions 
with competitive anions at higher concentrations than phosphate, no phosphate was 
removed by either C40-20(2pt) or C40-40(2pt) (Figure 17). 
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Figure 17. Phosphate removed by polymers with an initial phosphate 
concentration of 5 mg/L and other anions at concentrations similar to wastewater 
(A), and the same results with the phosphate removed by kaolinite partitioned to 
examine the portion removed by the polymers. 
A 
B 
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While the addition of a thiourea group that can hydrogen bond to phosphate at 
two points would increase the sorption of phosphate to the polymer, the two point 
interaction was not enough to allow selectivity for phosphate in the presence of other 
anions at higher concentrations.  The polymer C40-20 (3pt) using a three-point binding 
with phosphate, removed 13% of the phosphate from suspension in the presence of other 
anions compared to 24% without competing anions. A three-point hydrogen bonding 
interaction with phosphate was needed to gain some selectivity for phosphate in the 
presence of other anions at higher concentrations than phosphate (21). 
The two studies presented here suggest that it is possible to modify polymer 
flocculants to increase their sorption of phosphate. While a 2point hydrogen bonding 
interaction was shown to remove phosphate from water it had no affinity for phosphate 
in the presence of anions at higher concentrations than phosphate. To remove phosphate 
from a suspension similar to wastewater, a thiourea with 3 points of hydrogen bonding 
or more would be required as suggested in published work (22).  
 
 
 
B 
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CHAPTER IV 
SUMMARY AND CONCLUSIONS 
Summary 
The experiments described in the previous chapters demonstrate that it is possible 
to modify polymer flocculants to increase the sorption of contaminants from suspension.  
The polymer flocculants modified by the addition of a trapping group reduced the 
concentration of the respective contaminant in the aqueous phase.  The addition of the 
trapping groups to the polymer flocculants did not interfere with the formation of flocs.  
When the cyclic secondary amine was added to the polymer flocculant, the 
resulting decrease in atrazine concentration in suspension suggests that atrazine was 
bound to the polymer.  The amount of atrazine removed from suspension was 
maintained up to 24 h.  The continued removal of atrazine from suspension suggested 
that there was no competition for the cyclic secondary amine by other compounds. In a 
situation where the polymer might be applied to a runoff pond, the aqueous layer would 
not need to be removed immediately but could be removed up to or possibly longer than 
24 h after application of the polymer.  
When the two thiourea-trapping groups designed for phosphate removal were 
used, more phosphate was removed from solution when compared to the control 
polymers Magnifloc 494C and 700N. The addition of the 2-point thiourea group to the 
polymer at 40% density removed significantly more phosphate from the aqueous phase 
compared to the other polymers tested. The time dependence of the sorption of 
phosphate to the modified polymer flocculants suggests competition for the thiourea 
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binding site by the other anions.  The thiourea molecule with a three-point interaction 
with phosphate maintained some selectivity for phosphate when in the presence of other 
anions at concentrations simulating conditions found in wastewater. 
Conclusions 
 The effect of adding a trapping group to the polymer consistently resulted in an 
improvement in sorption of the contaminant to the polymer when compared to 
commercially available flocculants.  While the results from the overall study suggest that 
it is possible to modify polymer flocculants to remove contaminants from suspension, 
when put in context of a practical application, the concentration of the polymer added 
was high.  In the case of atrazine as a test contaminant, the polymers were added at a 
concentration of 1 mg/mL, meaning that to treat 1 m3 of water a kg of the polymer must 
be added.  In the case of phosphate as a test contaminant, the application rate was 100 
mg/L or 100 g of polymer per m3 of water.  The EPA currently limits the application rate 
of polyacrylamides to 1 mg/L.  The polymers in this study require application at 
concentrations much higher than that EPA limit.  The EPA limit on application of 
flocculants is only for polyacrylamides. Other polymer backbones could be used such as 
IDC and PDADMAC and would likely give similar results to those presented here 
without the EPA guidelines. 
Polymer flocculants are designed to interact strongly with suspended solids.  The 
trimethyl ammonium group has a permanent positive charge that interacts strongly with 
negatively charged solids such as clays.  The acrylamide group, while nonionic, has a 
high relative polarity due to the amide group, allowing acrylamide to interact with either 
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negatively or positively charged solid material.  The modified polymers presented here 
predominantly contained the trimethyl ammonium monomer and the acrylamide 
monomer. The modified polymer C40-40 (2pt) containing the thiourea-trapping group at 
density of 40% had the highest density of all the trapping groups tested but still had 60% 
of the monomer makeup designed to interact with the suspended solids. The polymer 
makeup containing a majority of the trimethyl ammonium and acrylamide monomers 
resulted in a polymer that interacted strongly with the suspended solids.  The strong 
interaction of the polymer with the suspended solids likely leaves little of the trapping 
group available to interact with contaminants in the aqueous phase.  
The trapping group left to interact with contaminants in the aqueous phase after 
the flocs have formed and settled would most likely be the section of the polymer 
bridging between two or more particles within a floc.  The segments of the polymer in 
the bridge are the remnants of loops and tails that extended away from one of the 
particles prior to interacting with the next particle to form the floc.  To increase the 
amount of the trapping group available to interact with contaminants in the aqueous 
phase the amount and the size of bridges formed by the polymers would likely need to 
be increased.  To extend more of the polymer into solution in a bridge, the polymer must 
not interact with the suspended solids.  To decrease the sorption of a polymer flocculant 
to suspended solids, monomers that do not interact or interact poorly with suspended 
solids must be used. Most or all of the trimethyl ammonium and acrylamide monomers 
must be removed and replaced with monomers that do not interact with suspended 
solids.  Replacing acrylamide and trimethyl ammonium monomers with monomers from 
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other types of polymer flocculants, such as ICD or PDADMAC, would likely give 
similar results to those presented here.  ICD and PDADMAC are designed to interact 
strongly with suspended solids so the resulting modified polymer based on IDC and 
PDADMAC would likely result in a modified polymer flocculant where little of the 
trapping group was available.   
The interaction of a polymer flocculant with different minerals present in 
aqueous suspension would affect the amount and size of bridges formed by the polymer 
flocculant. The interaction of the polymer with other minerals present in the 
environment, such as illite and vermiculite, would likely influence the effectiveness of 
the polymer to sorb contaminants from solution. Suspended solids found in the 
environment are not limited to minerals and could include material such as organic 
matter, microbial cells, etc.  
The type of suspended material present in a water body is only one of many 
environmental factors that may affect the efficiency of the polymer to sorb contaminants 
from suspension. Other conditions found in the environment would affect the interaction 
of the trapping group with the contaminant. Environmental variables such as pH, 
temperature and redox conditions would likely affect the interaction of the trapping 
group with the respective contaminant. An additional variable affecting the polymers use 
in situ would be microbial activity. Microbes may degrade the polymer with the sorbed 
contaminant in situ. The trapping groups used in this study are all linked to the polymer 
through an amide bond. Enzymes secreted from microbes might hydrolyze the amide 
bond resulting in an acid on the polymer and an amine on the trapping group. The 
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trapping group would then be free of the polymer and could diffuse back into solution 
with the contaminant. 
A polymer flocculant that would be more effective at sorbing contaminants from 
solution requires a polymer backbone that does not interact strongly with the suspended 
solids. A polymer that does not interact strongly with suspended solids will likely not 
function as a flocculant. An example of a polymer that might not interact with suspended 
solids is polyethylene glycol (PEG). While PEG has enough polarity to be water soluble, 
it is less polar than acrylamide.  Addition of a trapping group to PEG should increase the 
amount of trapping group available to interact with contaminants in the aqueous phase.  
The modified PEG polymer might also lead to a polymer that cannot aggregate the 
suspended solids into flocs.  Adding the trimethyl ammonium monomer back onto the 
polymer at low densities (<5%) might allow the polymer to interact with the suspended 
solids but only where the trimethyl ammonium group is present on the polymer.  The 
development of new polymers such as a modified PEG polymer could result in a 
polymer flocculant that forms large loops and tails.  The large loops and tails would 
position the trapping group away from the surface of the suspended solids allowing the 
trapping group to interact with the contaminants in the aqueous phase. 
An alternative to the development of a polymer flocculant with large loops and 
tails would be to use a two polymer flocculation system.  In a two polymer system, the 
first polymer added to solution would not interact with the suspended solids, such as the 
modified PEG described above. The first polymer would be free in solution and be more 
likely to interact with the contaminants in solution.  The second polymer added would be 
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a polymer flocculant that would remove both the first polymer added and the suspended 
solids.  The two polymer system would reduce the concentration of contaminants in 
solution by removing both the contaminants sorbed to the suspended solids and the 
contaminants sorbed to the first polymer. Other material may be better suited for 
sorption of particular contaminants than a modified polymer (i.e., activated carbon for 
atrazine or kaolinite for phosphate).  In the absence of alternative material to sorb a 
particular contaminant, a modified polymer could likely be made. 
For the studies presented here, individual molecules were chosen that interact 
with a single contaminant. Combining some of the principle components required by the 
molecules to interact with the contaminants, new trapping groups could be developed 
that would interact with multiple test contaminants. The new trapping groups could then 
be added to polymers creating new modified polymers that would target multiple 
contaminants simultaneously and remove the contaminants from solution as flocculant 
or as part of the two polymer system.  
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APPENDIX A 
EXPERIMENTAL DATA AND ANOVA ANALYSIS FOR CHAPTER II 
 
ANOVA analysis was accomplished using R Stats: R Development Core Team 
(2010).   R: A language and environment for statistical computing.  R Foundation for 
Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-
project.org.  
 
 
 57 
 
A
1.
 N
M
R
 o
f 4
-a
m
in
om
et
hy
l-p
ip
er
id
in
e-
1-
ca
rb
ox
yl
ic
 a
ci
d 
te
rt-
bu
ty
l e
st
er
 
 58 
 A
2.
 N
M
R
 o
f  
4-
(a
cr
yl
oy
la
m
in
o-
m
et
hy
l)-
pi
pe
rid
in
e-
a-
ca
rb
ox
yl
ic
 a
ci
d 
te
rt-
bu
ty
l e
st
er
 
 59 
 
A
3.
 N
M
R
 o
f M
ag
ni
flo
c 
 4
94
C
 
 60 
 
A
4.
 N
M
R
 o
f  
C
40
-0
0 
 61 
 
A
5.
 N
M
R
 o
f  
C
40
-0
.4
 
 62 
 
A
6.
 N
M
R
 o
f  
C
40
-0
4 
 63 
 
A
7.
 N
M
R
 o
f  
N
00
-0
0 
 64 
 
A
8.
 N
M
R
 o
f  
N
00
-0
.4
 
 65 
 
A
9.
 N
M
R
 o
f  
N
00
-0
4 
 66 
 
A
10
. E
xp
er
im
en
ta
l D
at
a 
fo
r F
ig
ur
e 
6 
 67 
 
 68 
 
 69 
A10. Tukey’s HSD and Confidence Intervals calculated at 95% using R Stats 
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A11. Tukey’s HSD and Confidence Intervals calculated at 95% using R Stats 
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A13. Tukey’s HSD and Confidence Intervals calculated at 95% using R Stats 
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A15. Tukey’s HSD and Confidence Intervals calculated at 95% using R Stats 
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APPENDIX B 
EXPERIMENTAL DATA AND ANOVA ANALYSIS FOR CHAPTER III 
 
ANOVA analysis was accomplished using R Stats:R Development Core Team (2010).   
R: A language and environment for statistical computing. R Foundation for Statistical 
Computing,Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org. 
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